Background: A biosynthetic ginsenoside, 3-O-β-D-glucopyranosyl-12-O-β-D-glucopyranosyl-dammar-24-ene-3β, 12β, 20S-triol (C 3 C 12 PPD), showed antitumor activity against many tumor cells in vitro, especially had better anti-lung cancer activity than Rg3 in vitro and in vivo. However, the effects and molecular mechanisms of C 3 C 12 PPD on non-small cell lung cancer (NSCLC) remain unclear. According to previous studies, we hypothesized ginsenoside C 3 C 12 PPD could inhibit the tumor growth of NSCLC by targeting proliferation, migration and angiogenesis. Methods: A thiazolyl blue tetrazolium bromide assay (MTT) was performed to evaluate cell viability. Additionally, Transwell and tube formation assays were conducted to analyze cell migration and angiogenesis. The Lewis and A549 tumor xenograft experiments were also performed to investigate the effects of C 3 C 12 PPD on tumor growth in vivo, Western blotting and IHC assay were performed to analyze protein expression. Results: C 3 C 12 PPD could effectively inhibit the proliferation and migration of lung cancer cells, and tube formation of EA.hy926 cell. Ginsenoside C 3 C 12 PPD suppressed Lewis and A549 tumor growth in vivo without obvious side effects on body weight and the hematology index. In addition, the Western blot analysis revealed that the effects of C 3 C 12 PPD on lung cancer were mediated by inhibiting Raf/MEK/ERK, AKT/mTOR and AKT/GSK-3β/ β-Catenin signaling pathways. Finally, C 3 C 12 PPD could significantly inhibit the proliferation index and vessel number in Lewis xenograft tumors analyzed by IHC.
Introduction
Lung cancer remains the leading cause of cancer incidence and mortality worldwide, with 2.1 million new lung cancer cases and 1.8 million deaths predicted in 2018, representing close to 1 in 5 (18.4%) global cancer deaths, and about 80% of all lung cancer cases presenting as NSCLC. 1, 2 Despite of recent advances in the treatment for NSCLC, the prognosis and survival time remain unsatisfactory, there are growing requirements for innovative therapeutic strategies to decrease the mortality of NSCLC. 3 The use of Panax ginseng in traditional Chinese medicine dates back to about 5000 years ago, and pharmacopeia across Japan, Korea, USA, Canada, Germany, UK, France and Austria recognize its vitality-restoration ability. 4, 5 In recent years, global research on P. ginseng has increased rapidly. Ginsenosides, isolated from ginseng, have various beneficial properties, including anti-cancer, neuroprotection, cardioprotectiion, boosting immunity. [5] [6] [7] Among them, ginsenoside Rg3, protopanaxadiol (PPD)-type ginsenoside, has been developed as a novel drug for cancer. 8, 9 Researchers have done a lot of work in modifying the structure of ginsenoside Rg3 to improve biological activity, bioavailability, and alleviate toxicity. C 3 C 12 PPD, one of novel ginsenosides, has the same molecular weight and number of sugar moiety as Rg3, was produced by chemical semi-synthesis about 20 years ago, and could been produced in large-scale by microbial fermentation since 2017. Previous studies proved that ginsenoside C 3 C 12 PPD exhibited remarkable activity against diverse human cancer cell lines and a higher anti-lung cancer activity than Rg3. [10] [11] [12] However, further effects and mechanisms of C 3 C 12 PPD on NSCLC are scarely reported. According to the studies of ginsenosides, 13, 14 we hypothesized C 3 C 12 PPD could inhibit the proliferation, migration and angiogenesis of NSCLC mediated by Raf/ MEK/ERK, AKT/mTOR and AKT/GSK-3β/β-Catenin signaling pathways.
Ginsenosides exhibited excellent anticancer activity in p53-wildtype cell lines, so we chose p53-wildtype NSCLC cell lines LLC and A549 in this study. 9, [15] [16] [17] We evaluated the effects of C 3 C 12 PPD on NSCLC in vitro and in vivo, explored its possible mechanisms, and hope to provide an experimental basis for its further study.
Materials and methods

Cell culture
Human umbilical vein endothelial cell lines EA.hy926, human lung cancer cell lines NCI-H1650, NCI-H1975, NCI-H460 and A549 and murine lung cancer cell lines LLC were purchased from the cell center of the Chinese Academy of Medical Sciences and Pecking Union Medical College (Beijing, China). The EA.hy926, NCI-H1975 and LLC cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), the NCI-H1650, NCI-H460 and A549 cells were cultured in RPMI-1640 (Invitrogen; Thermo Fisher Scientific, Inc.). All cell cultures were supplemented with 10% fetal bovine serum (FBS; YHSM, Beijing, China), 100 IU/mL penicillin and 100 µg/mL streptomycin. All cell lines were incubated at 37°C with 5% CO 2 .
Drugs and compounds
The C 3 C 12 PPD was provided by Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College (HPLC purity >98%). Taxol was obtained from the Beijing Union Pharmaceutical Factory (Beijing, China). According to the reference, C 3 C 12 PPD was dissolved in dimethyl sulfoxide (DMSO) in vitro experiments, and was dissolved in a solution of 25% PEG400 in vivo experiments. 10 For the in vivo experiments, Taxol was diluted by 0.9% NaCl prior to use.
MTT assay
NCI-H1650, NCI-H1975, NCI-H460, A549 and LLC cell lines were seeded in a 96-well plate. After incubation for 24 h, the cells were treated with varied concentrations (4.0 µmol/L, 20.0 µmol/L, 100.0 µmol/L and 500.0 µmol/ L) of C 3 C 12 PPD or DMSO as vehicle. After incubation for 120 h, a total of 50 µL MTT stock solutions (2 mg/mL, Solarbio, Beijing, China) was added to each well. The 96well plates were subsequently incubated for a further 4 h at 37°C. The medium was replaced with DMSO (Biosharp, Inc., Hefei, China; 150 µL/well), following gentle agitation, an ELISA reader (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure the absorbance at 570 nm. Three parallel samples were measured in each cell line.
The absorbance values were normalized to the values obtained for vehicle-treated cells to determine the percentage of surviving cells. The median inhibitory concentration (IC 50 ) was assessed from the dose response curve. 10 The experiment was repeated three times.
Cell migration assay
The cell migration assay was performed using Transwell inserts containing polycarbonate filters with 8.0-µm pores. Cells (1×10 6 cells/well) were suspended in 200 µL 0.1% bovine serum albumin (BSA, Solarbio, Beijing, China) with or without the different concentrations of C 3 C 12 PPD, and were seeded into the upper chamber; a total of 600 µL normal medium with 10% FBS was placed in the lower chambers. After 18 h incubation in 5% CO 2 at 37°C, the cells on the underside of the chamber were fixed with methanol, and stained with hematoxylin and eosin (H&E) and photographed in 4 randomly-selected fields (×400 magnification, Olympus IX70, Olympus Corporation, Tokyo, Japan). The number of migrated cells in the 4 randomly-selected fields of each membrane were counted, and 3 parallel samples for each cell line were measured.
Tube formation assay
A total of 5,000 EA.hy926 cells, that had been treated or untreated with C 3 C 12 PPD were seeded into a 96-well plate pre-coated with Matrigel. Following incubation at 37°C for 5 h, the EA.hy926 cells were examined for capillary-like tube formation and photographed under a microscope (×100 magnification, Olympus IX70, Olympus Corporation). Three parallel samples for each concentration were run.
Tumor implantation in lewis and A549 xenograft models
All animal studies were in compliance with policies of the Institute of Material Medical Animal Care and Use Committee. All animal protocols conformed to the Guidelines for the Care and Use of Laboratory Animals, and the study protocol was approved by the Animal Care and Use Committee of Chinese Academy of Medical Sciences and Peking Union Medical College.
Lewis lung cancer xenograft model C57BL/6 mice (males, 16-18 g) were purchased from BEIJING HFK BIOSCIENCE CO., LTD (Beijing, China). LLC cells were harvested and washed 3 times with normal saline. The cells were counted and diluted to 5×10 7 cells/mL. The C57BL/6 mice were subcutaneously implanted with 0.2 mL of the cell suspension in their left flank. After 24 h inoculation, the C57BL/6 mice were randomly divided into 3 groups, 5 animals in each group. One group received gavage (p.o.) of 25% PEG400 as a model control. Another group received an intraperitoneal injection of 15.0 mg/kg Taxol (twice a week), and another group received p.o. of 10.0 mg/kg of C 3 C 12 PPD for 10 days. When the tumor volume of control group was about 2000 mm 3 , the mice were euthanized and tumors were excised, weighed and photographed. The inhibition rate (IR) of tumor growth was calculated using the following formula: IR (%) = [(A − B)/A]/100, where A is the average tumor weight of model control, B is the average tumor weight of treatment groups. The tumor tissues were stored at -80°C for subsequent analyses.
A549 human lung cancer xenograft model
BALB/c/nu nude mice (males, 15-19 g) were purchased from IFDC Institute for Laboratory Animal Resources (Beijing, China). A549 cells (1×10 7 ) were subcutaneously implanted in the left flank of each mouse.
When tumors grew to~200 mm 3 , tumor-bearing mice were randomly separated into three groups, 5 animals in each group. One group received p.o. of 25% PEG400 as a model control group, another group received an intraperitoneal injection of 25.0 mg/kg Taxol (twice a week), and the remaining group received p.o. of 10.0 mg/kg of C 3 C 12 PPD for 10 days. Tumor size was measured with vernier calipers twice a week. When the tumor volume of control group was about 1500 mm 3 , the mice were euthanized, and the tumors were excised, weighed and photographed. 18 Tumor volume = width × width × length/2, Relative tumor volume (RTV) = V t /V 0 (V t : the measured tumor volume every time, V 0 : the starting volume). The tumor tissues were stored at -80°C for subsequent analyses.
Western blot analysis
Pooled tissues from 3 randomly-selected tumors from the Lewis xenograft mice of the control, 15.0 mg/kg Taxol and 10.0 mg/kg C 3 C 12 PPD groups; and the A549 xenograft mice of the control, 25.0 mg/kg Taxol and 10.0 mg/kg C 3 C 12 PPD groups; LLC and A549 cells that had been treated with various concentrations of C 3 C 12 PPD for 72 h, were lysed using RIPA buffer for 40 mins on ice. Subsequently, the cell lysates from the aforementioned groups were centrifuged at 12,000 rpm for 30 mins at 4°C
. Nuclear lysates were prepared according to the protocol of Nuclear and Cytoplasmic Extraction kit (Beijing ComWin Biotech Co., Ltd., Beijing, China). The concentrations of proteins were determined by BCA assay. A total of 40 µg proteins were loaded per lane, and then separated on SDS-PAGE and then transferred onto a 0.4 μm nitrocellulose membrane (Bio-Rad Laboratories, Inc.). The membranes were blocked with 5% skimmed milk in TBST for 2 h at 25°C, and were then incubated overnight at 4°C with the primary antibodies (VEGF antibody, Abcam; the remaining antibodies were purchased from Cell Signaling Technology, Inc., Danvers, MA USA). Following washing three times with Tris-buffered saline containing 1% Tween ® -20 (Beijing Solarbio Science & Technology Co., Ltd.), the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (Santa Cruz Biotechnology, Inc.), and measured using an ECL Western blot detection and analysis system (Applygen Technologies Inc., Beijing, China). β-actin was used as a loading control for membrane proteins and nuclears were examined for equal loading by probing for Histone H3.
Immunohistochemistry
Immunohistochemical staining was performed using 4.0-µm formalin-fixed, paraffin embedded tissue sections. Antigen retrieval was carried out in citrate buffer (10 mmol/L, pH 6.0) for 15 mins at 100°C in a microwave oven. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in water for 30 mins. The tissue sections were then washed in 1×PBS and pre-blocked with fetal bovine serum for 30 mins. The slides were incubated with a primary rabbit anti-PCNA (ab18197, Abcam, Cambridge, UK), rabbit anti-CD34 (ab81289, Abcam) overnight at 4°C. The sections were then incubated with biotinylated secondary anti-rabbit IgG (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) for 1 h. Following washing with 1×PBS, tissue sections were incubated with Vectastain ABC reagent (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The immune complex was visualized using DAB substrate solution (Santa Cruz Biotechnology, Inc.). Each section was examined under a magnification of ×200, and analyzed with ImageJ Launcher (National Institutes of Health, Bethesda, MD, USA). 19 
Statistical analysis
Data are expressed as the mean ± the standard deviation. Statistical analysis to examine the differences between two groups was performed using a unpaired Student's t-test and to examine the differences among multiple groups was performed using a One-Way ANOVA and Dunnett's post hoc test. P<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using Microsoft Excel 2016.0 (Microsoft Corporation, Redmond, WA, USA) and GraphPad Prism 5.01 (La Jolla, CA, USA).
Results
C 3 C 12 PPD inhibited the proliferation of lung cancer cells
The growth inhibitory effect of C 3 C 12 PPD was evaluated in a panel of 5 lung cancer cell lines using MTT assay. An inhibition in cell viability was observed following treatment with C 3 C 12 PPD for 120 h, with IC 50 values ranging between 60 µmol/L and 260 µmol/L ( Table 1) .
C 3 C 12 PPD inhibited migration of LLC and A549 cells
The Transwell assay was performed to evaluate the effect of C 3 C 12 PPD on the migration capacity of LLC and A549 NSCLC cells. As presented in Figure 1A and B, C 3 C 12 PPD could inhibit cell migration in a concentration-dependent manner. The inhibition rates were 37.4% and 71.1% in 100.0 µmol/L and 200.0 µmol/L C 3 C 12 PPD-treated LLC mouse NSCLC cells, respectively ( Figure 1A) . In addition, cell migration was decreased by 34.6% and 42.9% following treatment with 50.0 and 100.0 µmol/L C 3 C 12 PPD respectively, in A549 human NSCLC cells ( Figure 1B) . The proliferation of LLC and A549 cells were not significantly influenced under the aforementioned C 3 C 12 PPD concentrations, as the inhibitory rates were under 20% at 24 h for LLC and A549 cells. Taken together, these data suggested that C 3 C 12 PPD could reduce the migration ability of LLC and A549 cells. The presence of blood vessels is associated with the malignancy and aggressiveness of lung cancer. 19 Therefore, an EA.hy926 cell tube formation assay was used to examine the effect of C 3 C 12 PPD on angiogenesis. As illustrated in Figure 2 , with administrated 100.0 µmol/L and 200.0 µmol/L C 3 C 12 PPD for 5 h, the tube length was markedly decreased by 77.5% (P<0.001) and 88.2% (P<0.001) respectively. Furthermore, the proliferation of EA.hy926 cells was not influenced under the aforementioned concentrations, the proliferation inhibitory rate was 16.0±4.2% at 24 h for EA.hy926 cells. This data demonstrated that C 3 C 12 PPD could significantly inhibit tube formation of EA.hy926 cells. 
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Inhibitory effects of C 3 C 12 PPD on lewis and A549 lung cancer xenograft tumors in mice
In Lewis xenografts, tumor growth was suppressed in mice administrated 10.0 mg/kg C 3 C 12 PPD, with the tumor inhibition rate at 51.7% according to the tumor weight ( Table 2 , Figure 3A 1 ). In A549 xenografts, the tumor inhibition rate was 33.6% with 10.0 mg/kg C 3 C 12 PPD according to the tumor weight, while the T/C (Treatment/Control) volume ratio was 60.1% (Table 3 , Figure 3B 1 and B 2 ), suggesting that C 3 C 12 PPD may inhibit the tumor growth in Lewis and A549 NSCLC xenograft models. During the course of treatment, weight loss ( Figure 3A 2 and B 3 ), signs of discomfort and mortality were not observed in the C 3 C 12 PPD treatment groups. In Lewis and A549 xenograft models, 10.0 mg/kg C 3 C 12 PPD did not cause significant decreases in typical hematological indexes, such as white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), and significantly increased RBC and HGB in Lewis xenograft model (Tables 4 and 5 ). These results indicated that 10.0 mg/kg C 3 C 12 PPD could inhibit tumor growth without obvious toxicity in mice.
C 3 C 12 PPD influenced Raf/MEK/ERK, AKT/mTOR and AKT/GSK-3β/β-catenin signaling pathways activity
The Raf/MEK/ERK, AKT/mTOR and AKT/GSK-3β/ β-Catenin signaling pathways control key cellular responses, such as cell growth, proliferation, angiogenesis and migration. [20] [21] [22] Therefore, the present study detected the expression of proteins associated with these pathways in LLC and A549 NSCLC cells and tumors treated with C 3 C 12 PPD.
After LLC and A549 cells were treated with C 3 C 12 PPD for 72 h at 100.0 µmol/L, C 3 C 12 PPD could effectively inhibit the phosphorylation c-Raf and its downstream proteins p-MEK, p-ERK and p-AKT ( Figure 4A ). Since mTOR is one of the targets of AKT, the p-mTOR and its downstream proteins HIF-1α, VEGF were also detected, 23, 24 and it was observed that they were downregulated by 100.0 µmol/L C 3 C 12 PPD ( Figure 4B ). At the concentration of 100.0 µmol/L C 3 C 12 PPD, the levels of total protein c-Raf, AKT, mTOR were also inhibited, except total protein of MEK in A549 cells remained stable ( Figure 4A and 4B) . The inactivation of p-AKT also led to the decrease of p-GSK-3β and β-Catenin in LLC and A549 cells treated with 50.0 µmol/L or 100.0 µmol/L C 3 C 12 PPD for 72 h. The c-MYC, LEF1 and MMP2, downstream proteins of β-Catenin, were also markedly reduced. The level of GSK-3β in LLC NSCLC cells was significantly inhibited, whereas the reduction was not obvious in A549 NSCLC cells ( Figure 4C) . C 3 C 12 PPD could not only inhibit Raf/MEK/ERK, AKT/mTOR and AKT/GSK-3β/β-Catenin signaling pathways in NSCLC cells, but also in tumor tissues. In Lewis and A549 xenograft tumors administrated with 10.0 mg/kg C 3 C 12 PPD, the levels of p-c-Raf and downstream proteins p-MEK, p-ERK and p-AKT were significantly lower than control. However, the level of total proteins did not exhibit much difference between the C 3 C 12 PPD-treated and control groups, except ERK of A549 xenograft tumors was significantly reduced ( Figure 5A ).
The expression of p-mTOR, mTOR, HIF-1α, and VEGF were significantly reduced in 10.0 mg/kg C 3 C 12 PPD group compared with control ( Figure 5B ). In addition, in the Lewis and A549 xenograft tumors, p-GSK-3β, β-Catenin, LEF1, c-MYC and MMP2 were downregulated following administrated with 10.0 mg/kg C 3 C 12 PPD. The level of GSK-3β did not obviously decreased ( Figure 5C ). Taken together, these results indicate that the antitumor efficacy of C 3 C 12 PPD may be associated with the inhibition of the Raf/MEK/ERK, AKT/mTOR and AKT/GSK-3β/β-Catenin signaling pathways.
C 3 C 12 PPD inhibited PCNA and CD34 expression in lewis xenograft model analyzed by immunohistochemistry
Immunohistochemical assay was conducted to identify the alteration of PCNA and CD34 in the Lewis tumor tissues. PCNA is a marker for proliferating cells and CD34 is a vascular endothelial cell biomarker in tumor sections. 25 The IHC results presented with strong PCNA and CD34 staining in the control group, whereas the C 3 C 12 PPD group exhibited weak PCNA and CD34 staining in Lewis xenograft model ( Figure 6 ). The proliferation indexes were 20.6±1.4%, and 8.5±1.9% respectively in the control and C 3 C 12 PPD-treated groups. The MVD (total vessel number in four fields) were 13.7±5.4% and 4.7±0.3% respectively in the control and C 3 C 12 PPD groups. These results indicated that C 3 C 12 PPD was effective at inhibiting tumor proliferation and angiogenesis. 
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Discussion C 3 C 12 PPD, a ginsenoside which can be produced in large-scale by biosynthesis, has better anti-lung cancer activity than Rg3, and is a promising candidate for antilung cancer drug discovery. 10, 11 However, the reports of the mechanisms of C 3 C 12 PPD against NSCLC are rarely, which may limit its drug development. In the present study, we examined the effects of C 3 C 12 PPD on mouse NSCLC cell line LLC and human NSCLC cell line A549 in vitro and in vivo, and explored it's underlying mechanisms to make an experimental basis for its drug properties.
The results demonstrated that C 3 C 12 PPD could inhibit proliferation and migration in LLC mouse and A549 human NSCLC cells, and suppress the tube formation in EA.hy926 cells. In addition, we used Lewis NSCLC xenograft model with 2 times to choose the suitable dosage of C 3 C 12 PPD for vivo experiments before this study, and found that 10.0 mg/kg C 3 C 12 PPD had better inhibitory activity than 2.5 mg/kg, 5.0 mg/kg and 20.0 mg/kg C 3 C 12 PPD. Furthermore, 10.0 mg/kg C 3 C 12 PPD also significantly inhibited the tumor growth in A549 human NSCLC xenograft model.
The unlimited cell proliferation, angiogenesis and migration are associated with mortality of NSCLC. Raf/ MEK/ERK signaling pathway plays an important role in tumorigenesis and progression. 26, 27 In the present study, C 3 C 12 PPD significantly inhibited the p-c-Raf, p-MEK and p-ERK in NSCLC cells and tumor tissues, suggesting that C 3 C 12 PPD inhibited tumor growth of NSCLC partly through inhibiting the activity of Raf/MEK/ERK pathway. The AKT/mTOR and AKT/GSK-3β/β-Catenin signaling pathways have been confirmed to be associated with cancer cell proliferation, metastasis and angiogenesis. 20, 28, 29 The inhibition of p-c-Raf also lead to the inhibition of p-AKT, then reduced the level of downstream proteins, p-mTOR, HIF-1α and VEGF, which are associated with migration and angiogenesis. 24 In addition, the inhibition of p-AKT also decreased the level of p-GSK-3β, β-Catenin, as well as its downstream proteins c-MYC, MMP2, which are confirmed to be involved in cell migration. [30] [31] [32] The results showed us that C 3 C 12 PPD suppressed tumor growth, angiogenesis and migration in NSCLC by inhibiting of Raf/MEK/ ERK, AKT/mTOR and AKT/GSK-3β/β-Catenin signaling pathways. [33] [34] [35] [36] [37] Furthermore, The IHC results also confirmed that tumor proliferation and angiogenesis were weakened following treatment with C 3 C 12 PPD in Lewis xenograft tumors. Furthermore, C 3 C 12 PPD had little systemic toxicity at dose of 10.0 mg/kg in Lewis and A549 xenograft models, without decreasing the body weight of mice, or altering the hematological index, which are important indexes for the initial evaluation of drug safety. 38, 39 Taken together, these results suggest that C 3 C 12 PPD may serve as a potent candidate compound for the treatment of NSCLC. This is the first study to report C 3 C 12 PPD exhibit antinon small cell lung cancer activity by inhibiting Raf/MEK/ ERK, AKT/mTOR and AKT/GSK-3β/β-Catenin signaling pathways. Our work has laid a foundation for the research of C 3 C 12 PPD. However, there are still much work we need to do for the drug development of C 3 C 12 PPD, including the specific target on its anti-lung cancer activity, the toxicity, the pharmacokinetic characteristics and so on. We hope the study could make an experimental basis for its further study. Conclusion C 3 C 12 PPD showed inhibitory effect on proliferation, migration and angiogenesis of NSCLC, and may serve as a potential therapeutic candidate compound against NSCLC.
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